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Abstract
Al-Cr-Fe coatings have been widely used in the surface engineering field of materials, due to their excellent corrosion resistance
to water vapor and fused salt deposits. In this study, a new two-step approach was developed to prepare Al-Cr-Fe coatings on
surfaces of SUS430 stainless steels. First, the Cr/Al composite coatings were prepared by electrodepositing Cr from aqueous
solution then electrodepositing Al from AlCl3-1-ethyl-3-methyl-imidazolium chloride (AlCl3-EMIC) ionic liquid on SUS430
stainless steel substrate. In the second, heat treatment of the Cr/Al composite coatings was carried out to acquire Al-Cr-Fe
coatings. Effects of the thickness of Cr/Al composite coatings, the time and temperature of heat treatment on composition and
phase structure of alloy layers were studied by using scanning electron microscope (SEM), backscattered electron (BSE), energy
dispersive spectroscopy (EDS) and X-ray diffraction (XRD). The structure transformation process and formation mechanism of
Al-Cr-Fe coatings were discussed.
© 2013 The Authors. Published by Elsevier B.V.
Selection and peer-review under responsibility of the Chinese Heat Treatment Society.
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1. Introduction
Steels can be modified by forming surface coatings to improve their wear resistance, high temperature oxidation
resistance, corrosion resistance and so on. Al-Cr-Fe coating, due to its promising corrosion resistance to room
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temperature aqueous corrosion and hot corrosion by fused salt deposits, is often used as high-temperature corrosion
resistance materials (Ustinov et al., 1986),( Xu et al., 2009),(ShaHtura and Enaleeva, 2007).
One way to obtain coating containing Al and Cr on stainless steels surface is by heat treatment of chromized and
then aluminized stainless steel substrates at high temperature (Huttunen-Saarivirta et al., 2007). Another way is
through vacuum diffusion, in which the substrate surface will be injected by the gel of Al and Cr powder (Zhou et al.,
2006). However, due to the high temperature above 1000 ºC in these two methods, the energy consumption is much
large, and most importantly the mechanical properties of substrate will reduce. Physical vapor deposition is a
possible method to prepare coatings of Al-Cr-Fe at low temperature (Panjan et al., 2008), but it is not suitable for
large size and irregular shape sample deposition. Electrodeposition is such a widely applied and highly developed
technology that it permits to coat complex geometries homogeneously, even on the inner surface of tubes. As novel
green electrolytes, room temperature ionic liquids have been extensively investigated for the electrodeposition of
metals and alloy coatings at room temperature, such as Al, Al-Mn, Al-Zn coatings (Zhong et al., 2012),(Chen et al.,
2012),(Pana et al., 2010). In our previous work, we have prepared Fe-Al coatings using electrodeposition of Al from
ionic liquid in low temperature followed by heat treatment successfully (Li et al., 2011). We have also prepared Al-
Cr coating through the heat treatment of Cr/Al composite coating (Li et al., 2011).
In this paper, we proposed a new two-step approach to prepare Al–Cr–Fe coatings on surfaces of stainless steels,
namely electrodeposition of Cr/Al composite coatings and subsequent heat treatment at low temperature. The Cr/Al
composite coatings were obtained by electrodepositing Cr from aqueous solution followed by electrodepositing Al
from AlCl3-1-ethyl-3-methyl-imidazolium chloride (AlCl3-EMIC). The effects of Cr/Al composite coatings
thickness, heat treatment time and temperature on Al-Cr-Fe coatings were discussed.
2. Experimental
2.1. Preparation of Cr/Al composite coatings
The substrates used were commercial SUS430 ferritic stainless steels, which was cut into 70 mm×50 mm×0.5
mm. Prior to deposition, all substrates were ground on SiC abrasive paper and etched in an acid mixture with
subsequently rinsed by deionized water then ultrasonicated in ethanol.
The Cr coatings were electrodeposited in a solution with 220 g/L CrO3 and 2.2 g/L H2SO4 with direct current
density of 180 mA/cm2 for 60 min at 76 ºC, while the substrate was served as the cathode and Pb plate as the anode.
After coating Cr on substrate, the specimens were submerged in a molar ratio 2:1 AlCl3-EMIC ionic liquid. The
electrodeposition process of Al coating on the Cr coated samples was carried out at room temperature with a pure
Al(99.999%) anode at the direct current density of 10 mA/cm2 for 100 min, which was performed in a nitrogen-
filled glove-box.
2.2. Preparation of Al-Cr-Fe coating
The substrates with Cr/Al composite coatings were heat treated at 650~740 ºC for 5min~16 h in a furnace
(Nabertherm) with air atmosphere. All the samples were subsequently cooled down in the furnace to room
temperature.
2.3. Characterization of samples
The surface and cross-sectional morphologies of the coatings were observed with a field emission gun scanning
electron microscopy (FEG-SEM). The chemical composition of the coating was identified by means of an energy
dispersive X-ray(EDAX, Phoneix) analyzer coupled to the SEM instrument. X-ray is used to confirm the phase
constitution of the coating.
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3. Results and discussion
3.1. The primary stage of heat treatment
Fig.1.Cross-sectional SEM image of Cr/Al composite coatings before(a) and after(b) heat treatment at 740 ºC for 5 min
Table 1.EDS results of Cr/Al composite coatings after heat treatment (at.% ,740 ºC, 5 min)
1 2 3
Al 66.6 73.9 78.1
Cr 33.4 26.1 21.9
phase of composition Al9Cr4 Al11Cr4 Al4Cr
Fig. 1(a) shows the prepared Cr/Al composite coating on SUS430 substrate. The Cr/Al composite coating was
uniform and dense without any cracks at the interface. The electrodeposited Cr layer and Al layer were 6 Om and 16
Om in thickness, respectively. The molar ratio of Cr/(Cr+Al) is 31 at.%, which is in the region of Al9Cr4 phase in the
Al-Cr phase diagram (Okamoto,2008).
Fig. 1(b) shows the cross-sectional morphology of Cr/Al composite coatings heat treated at 740 ºC for 5 min. It
can be seen that Cr coating close to substrate still remain in the coating after heat treatment. Besides, three layers of
coatings can be observed on the surface of Cr. The EDS results of them are shown in Table 1. According to Al-Cr
phase diagram (Okamoto,2008), the composition of layer 1, layer 2 and layer 3 was consistent with phase of Al9Cr4,
Al11Cr4, Al4Cr, respectively. Interestingly, no pure Al coating was detected in the coating, which suggests that Al
coating diffuses to Cr coating completely at 740 ºC for 5 min.
3.2. The influence of heat treatment time
Fig.2 shows the SEM images of the coating with heat treatment at 740 ºC for 1~16 h. The EDS results are shown
in Table 2. After 1 h and 4 h heat treatment, two thin layers (layer 1 and layer 2) at areas near the substrate were
observed. At the outermost of the coating, there was a thick layer 3, which was dense and uniform. EDS results
shows that the thick layer 3 contained a low content of Fe, while the content in the two thin layers was much more
higher. Needle-like precipitation was also observed in the 4 h heat treatment sample. As the heat treatment
prolonged, the inner two layers (layer 1 and layer 2) became thicker, while the outmost layer 3 was thinner. When
heat treatment time increased to 9 h, a new precipitated particle phase appeared at layer 2, which became thicker in
the coating of 16 h. Meanwhile, loose structure of layer 3 in Fig.2(d) began to appear as time increased to 16 h.
Despite the prepared coatings shows different morphologies, all of them are Al-Cr-Fe coatings according to the EDS
results.
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Fig. 2. SEM photos for Cr/Al composite coatings after heat treatment at 740 ºC for (a)1h,(b),4h,(c)9h, (d)16h
Table 2. EDS results of Al-Cr-Fe coatings obtained by different time of heat treatment (at.%, 740 ºC)
1h 4h 9h 16h
1 2 3 1 2 3 1 2 3 1 2 3
Al 58.57 62.51 67.31 54.91 60.61 67.76 54.88 56.34 62.48 48.53 50.59 58.69
Cr 08.03 20.24 32.46 11.17 35.91 31.90 16.27 39.94 37.27 10.33 40.78 40.42
Fe 33.40 17.25 00.23 33.92 03.48 00.34 28.85 03.72 00.25 41.13 08.63 00.88
Fig. 3 presents the XRD patterns measured from the surface of the coatings after heat treatment at 740ºC. Heat
treated for 1 h and 4 h, the coating mainly consisted of Al9Cr4 phase, as seen in Fig. 4a and Fig. 4b. After 9 h heat
treatment, characteristic peaks of Al8Cr5 phase began to appear in the pattern of the sample (Fig. 3c). Comparing to
Al8Cr5, it was obviously showed that the peak intensities of Al9Cr4 phase decreased with heat treatment time
increased, which was attributed to the transformation of Al9Cr4 phase into Al8Cr5 phase. Meanwhile the intensity of
Al8Cr5 characteristic peaks detected in the coating increased after 16h heat treatment. It is worth to note that the
detection of XRD is mainly focused on surface, thus the patterns of XRD only show the outermost alloy layer which
is Al-Cr alloy with solid solution of a few Fe. No phase related to Fe or Fe-Al alloy is detected in XRD .
According to above results, the changes of alloy layers in heat treatment process can be deduced as follows:
melting of Al firstly happens at 740 ºC, and Cr diffuses to Al liquid quickly forming the solid alloy layer. Due to the
existence of Cr concentration gradient between Cr coating and outer alloy layer, Cr will diffuse to the surface, along
with Al9Cr4 thickness increasing. At mean time, the outer Al4Cr of low Cr content transforms into Al9Cr4. When the
Cr coating disappeared, interdiffusion of Al9Cr4 and substrate occurs, forming the Al-Cr-Fe alloy layers. And as Fe
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content increased in alloy layers, the precipitated particle phase starts to appear and becomes thicker with extension
of heat treatment time, finally forming a uniform distribution two phase layer.
Fig.3. XRD patterns of Cr/Al composite coatings after heat treatment at 740 for
(a)1h,(b),4h,(c)9h,(d)16h
Fig. 4. SEM photo for Cr/Al composite coatings after heat treatment at 690 for 16h
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Table 3.EDS results of Al-Cr-Fe coatings obtained by different time of heat treatment (at.%, 690,16h)
1 2 3
Al 52.57 55.03 58.27
Cr 17.16 35.74 40.21
Fe 30.28 11.23 01.52
3.3. The influence of heat treatment temperature
Fig. 4 depicts the SEM image of the coating after 16 h heat treatment at 690 ºC. Three layers of alloy coatings
were obtained, as marked in the image. The EDS results of observed layers are shown in Table 3. The composition
of every layer was similar with the coating with16 h at 740 ºC. But the layer with precipitated particle phase was
only 4 Pm, which was thinner than that of 740 ºC, while the outmost layer was about 10 Pm. Fewer needle-like
precipitation was observed in the substrate.
At the temperature below the Al melting point of 650 ºC and time of 16h, only two layers of alloy coating were
formed, as shown in Fig.5. The 18 Pm outer layer was dense and homogenous without any defects. No needle-like
precipitation in the substrate and layer with precipitated particle phase were observed. Compared with the results of
740 oC and 690 ºC, the formation of Al-Cr-Fe coating was delayed as the temperature of heat treatment decreased.
By controlling the temperature, a thick, dense, homogenous layer of Al-Cr-Fe coating can be prepared.
3.4. The influence of Cr and Al coating thickness
In order to study the influence of Cr and Al coating thickness, a 10 at.% Cr composite coating was prepared by
20 min electrodeposition of Cr at 180 mA/cm2 and 100 min electrodeposition of Al at 10 mA/cm2. Fig. 6 shows the
SEM image of the coating after 16 h heat treatment at 740 ºC. As can be seen, three layers were observed in the
coating. The outermost layer was composed of dense and continuous structure while structures with fine particle
distributed in substrate were found in layer 2. The compositions of all the prepared Al-Cr-Fe coatings were very
different from that of the 31 at.% Cr composite coating (Fig. 2, Table 2). The inner layer 1 and layer 2 had a low
content of Cr, while the content of Fe was very high. The composition of layer 1 and layer 2 was similar with the
aluminide coating prepared through heat treatment of pure Al coated SUS430 stainless steels, where layer 1 was
identified to be (Fe,Cr)Al phase by XRD and layer 2 was (Fe,Cr)2Al5 (Li et al., 2011).
Fig. 5. SEM photo for Cr/Al composite coatings after heat treatment at 650ºC for 16h
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Table 4. EDS results of Al-Cr-Fe coatings after heat treatment at low temperature (at.%,650 ºC,16h)
1 2
Al 54.61 66.21
Cr 34.51 33.57
Fe 10.88 0.22
Fig.6. SEM photos for Cr/Al composite coatings with 10at.%Cr after heat treatment at 740ºC for 16h
Table 5. EDS results of Al-Cr-Fe coatings with 10at.%Cr Crafter heat treatment(at.%, 740 ºC,16h)
1 2 3
Al 51.14 65.69 62.35
Cr 7.44 5.59 18.02
Fe 41.42 28.72 19.53
4. Conclusions
Through electrodeposited Cr from aqueous solution then electrodeposited Al from AlCl3-1-ethyl-3-methyl-
imidazolium chloride (AlCl3-EMIC) ionic liquid, Cr/Al composite coatings were prepared on SUS430 stainless steel
substrate. Subsequently, heat treatment was carried out to obtain Al-Cr-Fe coating. Scanning electron microscope
(SEM), backscattered electron (BSE), energy dispersive spectroscopy (EDS) and X-ray diffraction (XRD) were used
to study the effect of heat treatment on coatings’ composition and structure.
(1) Al-Cr-Fe alloy coatings were successfully prepared by two-step method of electrodepositing Cr/Al composite
coatings and then heat treating at the temperature of 650~740 ºC on SUS430 substrate. With different heat treatment
time and temperature, various thickness and composition of Al-Cr-Fe coatings can be obtained.
(2) A thick, dense and homogenous layer of Al-Cr-Fe coating can be prepared through the 16 h heat treatment at
low temperature of 650 ºC.
(3) Al-Cr-Fe coatings containing high Cr content were prepared with 31 at.% Cr composite coatings, while
coatings containing high Fe content were with 10 at.% Cr composite coatings.
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